We use Fourier space polarimetry to study the incident angle-and polarization-dependent rotation angle ψ and ellipticity χ of different diffraction orders emerging from a twodimensional periodic Au array. The array has square lattice and circular nanoholes and thus is achiral. We find no polarization conversion occurs if the diffraction orders lie in the incident plane. However, for the orders that are diffracted away from the incident plane, their ψ and χ vary considerably with incident angle and polarization. In particular, dramatic changes in ψ and χ are observed when Bloch-like surface plasmon polaritons (SPPs) are excited. The experimental results are consistent with the finite-difference time-domain simulations. The transverse spin carried by the SPPs and a discrete dipole model are used complementarily to elucidate such angular and polarization dependences. , etc, and studies on them have been ongoing for more than decades. In particular, with the advancement of nanotechnology, optical structures can now be designed and fabricated at will to exhibit different linear and nonlinear behaviors [10, 15, 16] . More importantly, additional entities such as fluorescent dyes, quantum dots, and molecules can be introduced to the nanostructures, branching out to various applications from light emission to biosensing [17] [18] [19] .
I. INTRODUCTION
from a nanoparticle [31] . All these examples clearly point out the fact that the angular momentum carried by SPPs has a profound influence on the resulting far-fields.
Therefore, studying the polarization states of the diffracted waves from the plasmonic structures and understanding their origin are of importance. We previously have studied the interplay between the nonresonant reflection background and the SPP radiation damping in the polarization conversion of the lowest specular order from metallic nanohole arrays [32] . For higher orders where multiple diffractions are present, a full characterization is essential. In addition, no connection between the angular momentum of SPPs and the polarization conversion has been made although it should be considered properly. In this work, we investigate the rotation angle ψ and ellipticity χ of different diffraction orders from an achiral array by using incident angle-resolved polarimetry under a Fourier space microscope. The array has four-fold symmetry and does not exhibit any intrinsic chirality. When light is illuminated on the sample at different angles along the Γ-X direction, we find the diffraction orders that lie in the incident plane experience no polarization conversion upon p-and sexcitations, i.e. both ψ and χ are zero. However, for the orders that are diffracted away from the incident plane, strong dependences of ψ and χ on incident angle and polarization are observed. In particular, dramatic changes in ψ and χ are seen when Bloch-like SPPs are excited. The angular profiles thus consist of the SPP resonances superimposed on the slowly varying nonresonant backgrounds. Our results agree with the finite-difference time-domain (FDTD) numerical simulations. We find the χ at SPP resonances are governed by the transverse SAM carried by the SPPs during the radiation damping process. On the other hand, the nonresonant ψ and χ backgrounds can be explained qualitatively by calculating the transition probabilities to various diffraction channels based on an electric dipole model.
II. EXPERIMENTAL METHODS
2D square lattice Au array is fabricated by using interference lithography as described previously [32] . The scanning electron microscopy (SEM) image of the sample is shown in Fig. 1(a) , showing it has period P = 800 nm, hole radius R and depth H = 100 and 200 nm. As the thickness of the Au film is larger than the skin depth, the sample has no transmission. After preparation, the sample is placed on a computer controller goniometer for angle-resolved reflectivity spectroscopy. Specular reflectivity spectra taken under p-and s-excitations are measured as a function of incident angle θi. By contour mapping the spectra with angle, we obtain the dispersion relations for mode identification [26] .
To study the polarization properties of all diffractions, i.e. reflections, at the same time, we have constructed an incident angle-and polarization-resolved Fourier space microscope, as shown in Fig. 2(a) . A HeNe laser at λ = 633 nm exiting from a single mode fiber is first collimated by an achromatic lens and then passed through an incident polarizer before being focused onto the back focal plane of a magnification = 100X, numerical aperture NA = 0.9 objective lens [33] . The output beam thus evolves as a collimated beam incident on the sample at θi defined by
, where f is the focal length of the objective lens and d is the offset of the point source from the optical axis of the objective lens [34] . Therefore, by placing the entire illumination optics on a motorized translation stage, θi can be varied from 0 o to 60 o with angular resolution as small as 0.125 o . The polarizer is oriented at a position so that the incident polarization is either parallel with or perpendicular to the incident plane, i.e. p-or s-incidence. The reflections from the sample are then collected by the same objective lens and are fed into an EMCCD camera via a Fourier lens system for Fourier space imaging. For determining ψ and χ, a quarter-wave plate and an analyzer can be selectively placed between the objective lens and the detection unit for measuring the four Stokes parameters S0, S1, S2, and S3. The parameters are related to the reflection intensities I given as ( ) 
III. RESULTS a. Dispersion relations
First, the p-and s-polarized dispersion relations of the array taken along the Γ-X direction are shown in Fig. 1(b) &(c) for identifying the SPP modes. The dispersive reflectivity dips indicate the excitation of (-1,±1) and (1,0) propagating Bloch-like SPPs, which are illustrated by the dash lines as deduced from the phase-matching equation based on the empty lattice approximation [26, 32] :
where εAu is the dielectric constant of Au obtained from Ref . The presence of s-excited (-1,±1) mode is due to the coupling of two degenerate (-1,1) and (-1,-1) SPPs, yielding the (-1,±1)s and (-1,±1)a modes with distinctive field symmetries and radiation damping [37] . The (-1,±1)s mode is symmetric with respect to the incident plane and is relatively nonradiative while the (-1,±1)a mode is asymmetric and more radiative. As a result, the symmetric p-polarized light can couple to the dark (-1,±1)s mode whereas the bright (-1,±1)a mode is excited by the s-polarized light [37] . Finally, a small plasmonic band gap and two bright and dark modes due to the coherent coupling between the (-1,±1) and (1,0) SPPs are found at λ = 662 nm and θi ~ 12.5 o under pexcitation [37] .
b. Fourier space polarimetry
Once the SPP modes have been identified, the sample is then transferred to a Fourier space microscope for polarimetric imaging. As an example, Fig 2(b) shows the p-incident ( ) 0 ,0 I°° image of the array taken at θi = 5 o in the Γ-X direction. The plane of incidence is indicated by the dash line. Five sharp reflection spots are observed revealing the diffraction orders and they can be deduced by using the 2D grating equation given as:
sin ,
where kx and ky are the in-plane wavevector components and {p,q} are the diffraction orders. Therefore, we identify the specular {0,0} order at {kx,ky} = {0.86,0} µm -1 , the {-1,0} order at {-7,0} µm -1 , the {1,0} order at {8.7,0} µm -1 , and two {0,±1} orders at {0.86,±7.9} µm -1 . While the specular and the {±1,0} reflections lie in the incident plane along the kx direction, both {0,±1} orders are diffracted away from the plane. It is noted that at the incident angles corresponding to the SPP excitations, these diffractions actually define the radiation damping channels of the SPPs. Fig. 2 We then determine their corresponding ψ and χ in Fig. 3(a)-(d) . As shown in the inset of Fig.  3(e) , for the polarization state, the ellipse is perpendicular to the propagation direction of the diffractions and ψ is defined with respect to the p-polarization axis. The figures reveal for the orders lying in the incident plane, i.e. {0,0} and {-1,0}, on average, almost zero ψ and χ are found indicating no polarization conversion occurs. In fact, considering our square lattice system with circular holes, it does not possess any intrinsic chirality and thus no conversion is expected. However, for the {0,±1} orders, noticeable ψ and χ are observed and they vary considerably with θi for two polarizations. For example, for the {0,1} order taken under the pexcitation, Fig. 3 ±1 )a SPPs. At the same time, χ increases with θi and peaks at the (-1,±1)a SPPs but then decreases to negative afterwards in Fig. 3(d) . For the {0,-1} order, it undergoes almost the same polarization change as the {0,1} order but in opposite sign. In other words, the polarization properties of the {0,±1} orders possess a mirror image, which is expected from our mirror symmetric system.
We visualize the {0,1} order under p-and s-polarizations in Fig. 3 (e)&(f) to have a better physical picture. Under normal p-incidence, the order is linearly polarized but oriented perpendicular to the diffraction plane. Therefore, it is s-polarized even under a p-incidence. However, when θi increases, the order becomes a left elliptically polarized light with its major axis tilted towards the p-axis. At the excitation of the (-1,±1)s SPPs, although the order remains left elliptically polarized, it becomes more circular and the major axis is s-oriented. In addition, due to the asymmetric profile, the major axis of the ellipse swings between the s-axis. After that, the major axis slowly moves away from the s-axis but swings again at the excitation of the (1,0) SPPs. In addition, it switches to right elliptically polarized since χ now is negative. Likewise, under the s-incidence, we see at θi = 0 o the order is now a p-polarized light, showing the polarization of the out-of-plane order under normal incidence is always perpendicular to that of incidence regardless of the excitation polarization. When θi increases, it becomes left elliptically polarized with its major axis tilted away from the p-axis. Around the (-1,±1)a SPPs, the order reproduces the behavior of the (-1,±1)s SPPs but becomes right elliptically polarized at larger angle.
c. Finite-difference time-domain simulations
To confirm our experimental result, we have conduct FDTD simulations and the unit cell is shown in Fig. 1(a) . It has period, hole radius, and depth = 800, 120, and 100 nm. A small sinusoidal modulation with height = 30 nm is added with reference to the SEM image. Bloch boundary condition is used at four sides and perfectly match layer is set at the top and bottom of the cell. A power monitor is placed at 5 nm above the metal surface for calculating the diffractions. The dielectric constant from Ref [36] is used for Au. First, the angle-dependent specular p-and s-polarized reflectivity mappings for the array are shown in Fig. 1 o for λ = 633 nm. The plasmonic gap and two coupled modes are also reproduced well. We then calculate the ψ and χ as a function of θi for four diffraction orders and the results are shown in Fig. 4(a) -(d) under two polarizations. We find the simulation and experiment fairly agree with each other although discrepancies exist, particularly the magnitudes of ψ and χ, mostly due to sample imperfections and optical misalignment. Nevertheless, the FDTD results reproduce most of the major features in experiment.
IV. DISCUSSION
We attempt to explain the angle and polarization dependences of ψ and χ. The SPP mediated χ is first studied by examining the transverse SAM of SPPs. Then, an electric dipole mode is used to depict the ψ and χ backgrounds.
a. SPP resonances
As χ is defined by the SAM, we examine the SAM carried by the SPPs and the {0,±1} diffraction orders to search for any connection In general, the spin density of the plane wave is given as [39, 40] :
where E  and H  are the electric and magnetic fields and εo and µo are the permittivity and permeability. The FDTD simulated SAM of two {0,±1} diffraction orders calculated by Eq. for the SPP resonances, we speculate the transverse spin plays a major role in governing the polarization of the {0,±1} diffractions. When the SPPs decay, the radiation damping process is subjected to the momentum conservations in which the translational and angular momenta of the SPPs will determine the outgoing wavevectors, i.e. the diffraction angles, and the polarization states . While the conservation of translational momentum gives rise to the phase matching equation in Eq. (1), the angular counterpart is not trivial as it relies on the spin and orbital angular momenta. However, for plane waves where no Goos-Hanchen and/or ImbertFedorov shifts are present [27] , the change of orbital angular momentum is negligible throughout the damping process. Therefore, we conclude the total SAM of the diffractions ( diff s  ) should be offset by that of SPPs ( SPP s  ). For our case, since the specular and {±1,0} reflections are all linearly polarized and do not carry SAM, diff s  is dictated primarily by We examine the (-1,±1)s,a SPP modes by studying their near-field SAM. Given the SPP wavevectors qualitatively as ( )
(1), the magnetic fields for two (-1,±1)s,a SPP standing waves can be approximated as: cos K y sin K y that will be neutralized to zero after integrating over all space [42] . Therefore, the (-1,±1)s,a modes, which propagate in the negative x-direction, exhibit transverse SAM in the positive y-direction, giving rise to the spinmomentum locking [43] . For verification, we use FDTD to calculate the SAM patterns for the (-1,±1)s,a modes at z = 10 nm for different directions and the results are shown in Fig. 6(a)-(f) .
In fact, consistent with the analytical predictions, we see the y-components for two modes display symmetric and asymmetric patterns, which agree with the ( ) We find the SAM is always negative in ydirection across the whole cell but is equally positive and negative for the x-and z-directions. More insight can be provided by comparing the near-and far-field SAM as a function of incident angle. For each angle, we calculate by FDTD the near-field SAM integrated over the whole unit cell and the vector sum of the {0,±1} diffraction orders in Fig. 5(c)&(d) under p-and s-incidences. It is noted that the results in the figures are completely provided by the ycomponent and the x-and z-components for all angles are negligibly small. Therefore, both the near-and far-field SAM are always pointing towards the y-direction regardless of whether SPPs are excited or not. Two points are noted. First, the magnitude of the near-field SAM is much larger than that of the far-field. Such difference is reasonable as the near-field strength is usually much stronger than the far-field, particularly for SPP excitations. Second, the nearfield SAM does not contribute to the nonresonant far-field background. As we see from Fig.  5(c)&(d) , at large incident angles under p-and s-incidences, the near-and far-field SAM have different signs. All these imply other not-so-obvious angular momenta from the system should counteract the transverse spin of the near-fields to yield the SAM of the diffractions.
b. Nonresonant ψ and χ backgrounds
Analytically, we find the nonresonant backgrounds can be qualitatively explained within the framework of a discrete dipole model. For a square lattice array, under the condition where R << P and λ, each hole can be modeled as an electric dipole [42] . The transition probabilities to various diffraction channels are calculated, as given in the Supplementary Information [38] . The key element of the model is the optical transition matrix T, which is derived from the density matrix operator. It is noted that the T-matrix has already included the contributions from both the air-hole resonance as well as the lattice effect. It is expressed as [44] :
where the explicit forms of the matrix elements are given in the Supplementary Information [38] . Once the matrix is ready, the transition amplitude from the incidence i σ to the diffraction d σ , which is defined as , where the first two angles stand for the incident and diffraction polar θ and azimuthal φ angles and the last quantity represents the excitation polarization, i.e. p-or s-polarization. As a result, the transition amplitudes from the p-polarized incidence to the s-and p-polarized {0,±1} diffraction orders can be expressed as:
sin cos cos cos cos cos cos cos cos sin sin sin
where i φ has been set at 0 o due to the incidence is always along the Γ-X direction. Likewise, the amplitude for the s-polarized incident counterpart is obtained as: T can simply be ignored. Unfortunately, the precise evaluation of both || T and T ⊥ is difficult and beyond the scope of this study.
We attempt to learn more of our case from the transition amplitudes. Both θd and φd can be deduced from the grating equation considering P and λ = 800 and 633 nm. For the {0,±1} orders, the grating equation is given as , where the superscripts indicate the (0,±1) diffraction orders. Hence, both ψ and χ for {0,±1} diffraction orders should have the same magnitude but opposite in sign when varying θI, supporting our results as well.
V. CONCLUSION
In summary, we use Fourier space polarimetry to study the dependence of the rotation angle ψ and ellipticity χ of the diffraction orders arising from an achiral Au periodic array on incident angle. Along the Γ-X direction, we observe the specular and {-1,0} reflections, both lying in the incident plane, experience no polarization conversion. However, for the {0,±1} orders that are diffracted away from the incident plane, their ψ and χ vary considerably with angle under both p-and s-excitations. In particular, dramatic changes in ψ and χ occur when the Blochlike (-1,±1) and (1,0) SPPs are excited. The electrodynamic simulations support the experimental results. We explain the angular profiles based on the transverse spin carried by the SPPs, which governs the total SAM of the out-of-plane diffracted orders, and a discrete dipole model.
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We could write the lattice sum as: 
